Background: acute kidney injury (aKI) is a major complication for infants following an asphyxic insult at birth. We aimed to determine if kidney structure and function were affected in an animal model of birth asphyxia and if maternal dietary creatine supplementation could provide an energy reserve to the fetal kidney, maintaining cellular respiration during asphyxia and preventing aKI. Methods: Pregnant spiny mice were maintained on normal chow or chow supplemented with creatine from day 20 gestation. On day 38 (term ~39 d), pups were delivered by cesarean section (c-section) or subjected to intrauterine asphyxia. Twenty-four hours after insult, kidneys were collected for histological or molecular analysis. Urine and plasma were also collected for biochemical analysis. results: aKI was evident at 24 h after birth asphyxia, with a higher incidence of shrunken glomeruli (P < 0.02), disturbance to tubular arrangement, tubular dilatation, a twofold increase (P < 0.02) in expression of Ngal (early marker of kidney injury), and decreased expression of the podocyte differentiation marker nephrin. Maternal creatine supplementation prevented the glomerular and tubular abnormalities observed in the kidney at 24 h and the increased expression of Ngal. conclusion: Maternal creatine supplementation may prove useful in ameliorating kidney injury associated with birth asphyxia.
B
irth asphyxia is an event that occurs in 1-10 per 1,000 live term births, accounting for 23% of all neonatal mortalities (1, 2) . It is a multifactorial event, arising from complications during labor and delivery that induce a state of oxygen deprivation in the fetus, leading to changes in cellular respiration (3) . In addition to high mortality, infants who survive have a high rate of severe morbidity that includes acute kidney injury (AKI) and subsequent neonatal renal failure (4, 5) . Between 50 and 72% of asphyxiated neonates (5-min Apgar scores ≤6) present with AKI, and the condition increases the risk of subsequent mortality and poor neurological outcomes (6) . It is, therefore, of great clinical importance to recognize and treat AKI in asphyxiated neonates. The potential for treatment, however, is hindered by difficulties with diagnosis of AKI and lack of therapeutic options (7) .
The severity of AKI in asphyxic newborns and the lack of therapeutic options emphasize the need to prevent the changes to cellular respiration and fundamental energy loss associated with birth asphyxia. The enzyme creatine kinase catalyses a reversible reaction that forms adenosine triphosphate (ATP) from degradation of phosphocreatine, in the absence of oxygen, and without the production of toxic by-products. The rephosphorylation of adenosine diphosphate to ATP by the creatine-kinase system is essential to allow ATP-dependent activity to continue under hypoxic conditions, and this depends on the persistence of the cellular pools of creatine and phosphocreatine (8) . Creatine can be loaded into tissues, resulting in elevated creatine phosphate levels and improved maintenance of ATP content during periods of tissue oxygen depletion (9) . Creatine also has the capacity to scavenge free radicals and reduce oxidative stress (10) . In our spiny mouse model of birth asphyxia (11) (12) (13) , supplementation of the maternal diet with creatine improved survival of the offspring from 60 to 95% (12) and prevented the development of significant brain (13) and muscle deficits (11) observed in the surviving offspring. Of note, we also found that maternal creatine supplementation increased the creatine content of the fetal kidney at term by ~20% (12) . This finding raised the interesting possibility that creatine treatment could prevent AKI in postasphyxic spiny mouse neonates.
The spiny mouse is unlike other rodents in that nephrogenesis is completed before term (14) , and thus, is more relevant to understanding the effects of asphyxia on the kidney of the human newborn, in whom kidney development is also complete. This study aimed to determine if maternal dietary creatine supplementation could prevent asphyxia-induced damage to the kidney at birth. Specifically, we hypothesized that maternal creatine supplementation would minimize the extent of injury observed in the kidney after birth asphyxia. To test this hypothesis, we assessed structural changes to the kidney, changes in the expression of genes known to play a key role in kidney development and maturation (BMP4, TGFB1, WNT4, VEGFA; ACTA2, SYNO, WT1, and NPHS1) and markers of cellular injury commonly associated with a hypoxic insult (LCN2, HIF1α, BAX:BCL2), and performed basic urinary and plasma analysis in spiny mouse neonates at 24 h of age. Values are means ± seM. statistical analysis: two-way aNOVa with factors of birth (P BIRTh ), diet (P DIeT ), and interaction (P INT ); n = 8/group, significance P < 0.05.
BW, body weight; c-section, cesarean section; KW, kidney weight; Ns, not significant; Osm, osmolality; P, plasma electrolyte concentrations; U, urinary electrolyte concentrations and osmolality. 
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Creatine and renal injury at birth birth asphyxia in both the control and creatine-diet groups. Ngal (LCN2) expression was increased twofold (P BIRTH = 0.024) in the birth-asphyxia group relative to the c-section group of controldiet dams. This increase in Ngal expression after birth asphyxia was not present in pups from dams that had been fed the creatine diet (P INT = 0.04; Table 3 ). Markers of hypoxic injury, HIF1α and BAX:BCL2, were unchanged by birth asphyxia or maternal creatine supplementation.
Histopathology
Birth asphyxia resulted in significant disturbances to the structure of the cortex, outer medulla, and papilla that were largely absent from kidneys of birth asphyxia neonates born to the creatine-treated mothers (Figures 1 and 2) . Within the renal cortex, the birth-asphyxia control-diet group had a significantly greater damage score as compared with all other groups (P < 0.001; Figure 2a) . Specifically, we observed glomeruli with partial or complete collapse of the vascular tuft and/or increase in the space of the Bowman's capsule in these birth-asphyxia control-diet kidneys (Figure 1b) . Characterization of glomerular structure, independent of the tubular component of the cortex, showed that only 80.5% ± 7.2 of glomeruli in the birth-asphyxia control-diet group maintained normal appearance (Figure 3) . Of the 20% abnormal glomeruli in the birth-asphyxia control-diet group, 11.4% ± 3.6 displayed partial collapse of the glomerular tuft and 8.2 ± 5.8% displayed complete collapse (Figure 1b ). This percentage of normal glomeruli in the birth-asphyxia controldiet group was significantly lower than those in the c-section birth groups (both control and creatine diet) (P BIRTH < 0.02), in which normal glomeruli were observed in 98.9% ± 0.6 and 98.7% ± 0.6, respectively. Of note, in the birth-asphyxia creatinediet group, structural integrity of glomeruli was preserved, with 96.8% ± 1.1 scored as normal (P INT < 0.05), 3.2 ± 1.1% displaying partial collapse, and no glomeruli showing complete collapse. The outer medulla of the birth-asphyxia control-diet group contained large areas devoid of loop tubular elements, and showed the presence of interstitial ladders (Figure 1f) , structures not normally present in the kidney at this age (Figure 1e ). In addition, there were disruptions to the parallel arrangement of tubular elements in the birth-asphyxia control-diet group. Articles Ellery et al.
No signs of tubular necrosis were observed. Kidneys from the birth-asphyxia creatine-diet group were indistinguishable from control c-section kidneys. The damage score for the outer medulla reflected these observations, with a significantly higher score for the birth-asphyxia control-diet group (P < 0.001) as compared with all other groups. No significant difference in the damage score between the c-section and birthasphyxia creatine-diet groups was observed (Figure 2b) . Birth asphyxia also resulted in disruptions to the parallel alignment of tubules and tubular dilatation in the renal papilla (Figure 1j) . Thus, the renal papilla of the birth-asphyxia control-diet group had a significantly higher damage score as compared with the other groups (P < 0.001), with no significant difference in the damage score between the c-section and birth-asphyxia creatine-diet groups (Figure 2c ).
Plasma and Urine Electrolyte Analysis
There was no effect of the mode of birth or maternal diet on urine osmolality or protein concentration at 24 h of age. Urinary sodium concentration, but not plasma sodium, was significantly elevated in both birth-asphyxia groups (P BIRTH = 0.03; Table 1 ). Urinary potassium concentrations were not different between 
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Creatine and renal injury at birth groups, whereas plasma potassium was markedly increased in the birth-asphyxia groups (P BIRTH = 0.014; Table 1 ).
DISCUSSION
The aims of the current study were to establish a model of birth asphyxia-induced AKI of relevance to the human neonate and to determine the utility of maternal creatine supplementation to limit birth asphyxia-induced AKI. Birth asphyxia in the spiny mouse led to marked disturbance of the renal architecture across all regions of the kidney, increased expression of an early marker of kidney injury, Ngal, and decreased expression of nephrin, a podocyte differentiation marker. Maternal dietary creatine supplementation prevented all the structural disturbances observed in the kidney 24 h postasphyxia and the elevated expression of Ngal. These findings support the use of maternal creatine supplementation to ameliorate kidney injury associated with birth asphyxia.
Birth Asphyxia Leads to Kidney Damage and Delayed Maturation
Structural disturbances to the spiny mouse kidney following birth asphyxia were determined by histological scoring. Of particular note was the presence of abnormal glomerular tufts that showed a shrunken appearance within the Bowman's space. Sutherland et al. first described a similar shrunken appearance of the glomerular tuft in prematurely delivered baboons (15) . Our study shows that such morphology can also occur at term following severe hypoxic hypercapnia. Although nephrogenesis is complete in the spiny mouse before birth (as in the human), both spiny mouse and human kidneys undergo further maturational changes to adapt to the extrauterine environment (1). In addition to permanent cellular injury and loss of glomeruli commonly associated with an asphyxic environment, we hypothesize that the low levels of cellular energy following birth asphyxia may stunt some of the mechanisms involved in this final maturation and therefore, may explain the similarities in morphology with the preterm baboon. Future studies of nephron number in older postnatal animals are required to determine whether these shrunken glomeruli represent delayed maturation or, important for future renal health, whether these nephrons are destined to be lost permanently (14) .
In the current study, we examined the expression of nephrin, a podocyte "slit diaphragm" protein with an essential role in determining size selectivity during glomerular filtration (16) , and three markers of kidney injury, HIF1α, BAX:BCL2 ratio, and Ngal. Nephrin mRNA expression was significantly decreased after birth asphyxia. Although this was not reflected in an increase in urinary protein concentration at this early stage of kidney function, it would be of interest to determine whether these changes may become apparent later in life. Surprisingly, we found no significant increase in expression of the hypoxic damage marker HIF1α with birth asphyxia at 24 h postnatal age. This may be a consequence of timing, given that HIF1α upregulation is known to peak at 2 h postischemic insult in the kidney and begins to diminish by 8 h (17). There was also no increase in apoptosis (BAX:BCL2 ratio), which was consistent with histological findings. Neutrophil gelatinase-associated lipocalin (Ngal) is an early marker of kidney injury, rapidly induced in kidney tubules following interventions that compromise the kidney (18) . Birth asphyxia induced a twofold increase in the expression of Ngal at 24 h. It is widely accepted that the renal tubules are highly susceptible to damage in a low-oxygen environment, due to a high energy demand and low capacity for glycolytic metabolism (19) . Although no direct signs of tubular apoptosis/necrosis were observed at 24 h after insult in this study, it is likely that the oxygen deprivation and ischemia within the tubules of the kidney was responsible for the increased expression of Ngal (20) .
In addition to an increased expression of Ngal, birth-asphyxia control-diet animals displayed large areas of interstitium devoid of tubules, particularly in the outer medulla. Although nephrogenesis is completed before birth in both the spiny mouse and Figure 4 . Kidney sampling. Using the arcuate artery as the cortical-medullary boundary, three images were taken of the cortical region (C1-C3). These images were taken at the same orientation on each kidney section. The same points were used to take three images per section of the outer medulla (OM1-OM3). The papilla was imaged at the interface with the inner medulla down to the apex (RP1-RP3). All images were taken at ×400 original magnification. Bar represents 200 μm.
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human kidney, there are significant maturation changes that occur in the postnatal period (1) . The increased areas of interstitium may indicate a failure or delay of the loops of the outer, most immature cortical glomeruli to continue to lengthen and extend into the medulla. Of note, under suboptimal conditions, Ngal can facilitate tubular development and maturation through its iron binding capacity and regulation of genes involved in mesenchymal-epithelial transition (21) (22) (23) . This developmental role of Ngal was suggested by La Manna et al., as a possible reason for increased urinary Ngal concentrations in very low birth weight preterm infants with impaired renal function (24) . Therefore, the increased Ngal expression may be a compensatory and adaptive response to tubular injury that follows the stunting of tubular growth, possibly by the cellular energy depletion that occurs after birth asphyxia.
Birth asphyxia was also associated with higher urinary sodium concentration and elevated plasma potassium. We have previously shown that immediately after the 7.5 min asphyxic insult, neonatal spiny mice show evidence of metabolic acidemia (11) . Although not measured in this study at 24 h postasphyxia, the increased plasma potassium suggests some continued disruption to metabolic and acid/base homeostasis at this time. Consistent with this finding, a clinical study in infants found an increase in serum potassium concentrations in infants who experienced birth asphyxia as compared with control infants, with the serum potassium values directly proportional to the severity of asphyxia (25) . The increased urinary sodium reported here in asphyxiated spiny mice pups is also observed in human neonates following birth asphyxia (1) and is likely to be secondary to the limitations in sodium reabsorption capacity with tubular damage (26) .
Maternal Creatine Supplementation
Nephrogenesis in the spiny mouse begins at ~day 18 of gestation and is complete by day 38, ~1 day before parturition (14) . Thus, treatment of dams with creatine from day 20-38 of gestation coincides with the major period of nephrogenesis that we have previously shown to be sensitive to dexamethasone treatment (27) . It was therefore important to determine if the creatine treatment had any impact on kidney development. Our findings demonstrate that the maternal creatine treatment did not affect the development of the kidney or expression of genes associated with development. Maternal creatine treatment did not have an effect on kidney weight or body weight of offspring. Furthermore, maternal creatine supplementation did not affect urinary or plasma parameters in the spiny mouse neonate. Changes in water balance, mainly water retention, have been reported for creatine supplementation in adult humans (28) , but the dose used here was clearly not sufficient to produce such effects, as no change in neonatal urine osmolality was observed following maternal creatine supplementation.
Benefits of Maternal Creatine Supplementation on Outcomes for Birth Asphyxia
The key question tested in this study was whether creatine loading delivered to the fetus via the maternal diet could ameliorate the impact of birth asphyxia on the neonatal kidney. Pretreatment of dams with creatine prevented all the structural abnormalities of the kidney induced by asphyxia. Specifically, treatment of the dam with creatine significantly attenuated the incidence and severity of shrunken glomeruli in the birth-asphyxia neonates, the disruption to tubular migration and alignment, and tubular dilatation. Indeed, these kidneys were structurally indistinguishable from control c-section kidneys. Furthermore, maternal creatine supplementation prevented the rise in renal expression of the injury marker Ngal in the birth-asphyxiated offspring. This suggests that either maternal creatine supplementation prevents injury-induced transcription of Ngal after birth asphyxia or that the injury is less severe and therefore does not prompt continued expression of Ngal 24 h after insult. The latter possibility is consistent with the finding that the creatine treatment preserved the structural integrity of the cortex, tubules, and papilla in the birthasphyxia creatine-diet cohort, as shown by the normal integrity scores. It is interesting to note that despite maternal creatine supplementation preventing the increased expression of the injury marker Ngal and reducing the structural injury of the kidney, it did not prevent the changes in urinary sodium and plasma potassium of birth-asphyxia offspring. It could be that despite the preservation of structural integrity after birth asphyxia with maternal creatine supplementation, the kidney may not have been able to return the very large changes in acid-base balance to the normal range within the 24 h after the asphyxic insult.
We suggest that the energy reserve provided by the extra creatine arising from the maternal creatine supplementation may have allowed cells in these regions of the kidney to maintain ATP turnover, and therefore not succumb to hypoxia-induced metabolic failure. Analysis at a later time point is required to determine whether the observations made here persist and lead to any long-term deficits in renal function in these offspring. Further study is also needed to establish whether the treatment regimen implemented in this model is feasible to maintain complete energy balance after an asphyxic insult, or whether continuation of creatine administration (i.e., to the neonate in the immediate period after birth asphyxia) would be of further benefit.
Conclusion
Following an acute, near-term asphyxic insult, significant loss of structural integrity and evidence of damage and delayed maturation was observed in the kidney of the spiny mouse at 24 h postnatal age. These changes were prevented when pregnant dams received a diet supplemented with creatine throughout the second half of pregnancy (a period of 19 d). The mechanisms by which asphyxia damages the kidney and delays final maturation remain unclear, but ATP depletion and oxidative stress may be major factors, as maternal creatine supplementation largely prevented kidney damage caused by birth asphyxia.
METHODS
All experiments were approved in advance by the animal ethics committee of Monash University and conducted in accordance with the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes.
Maternal dietary supplementation and birth-asphyxia procedures were performed as previously described (29) . Briefly, at day 20 of copyright © 2013 International Pediatric Research Foundation, Inc.
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Creatine and renal injury at birth gestation (term = 39 d), dams were allocated either to receive a diet containing 5% w/w creatine monohydrate supplementation or remain on standard rodent chow (Specialty Feeds, Perth, Australia). At 38 d gestation, each treatment group was further divided into c-section and birth-asphyxia groups. Dams (n = 13 control; 8 creatine) were killed by decapitation and the pups delivered immediately and resuscitated by gentle palpitation of the chest with a cotton bud. The remaining dams from control (n = 10) and creatine (n = 11) groups were also killed by decapitation, but the entire uterus was immediately excised and placed in a saline bath (37 °C) for 7.5 min before the pups were delivered and resuscitated as above (birth-asphyxia group). All pups within a litter were crossfostered to another dam that had remained on a control diet and that had delivered a litter of comparable size within the preceding 12-24 h. Litter size did not differ between groups, and one pup per litter was used in any one data set when possible. At most, one male and one female pup from the same litter were allocated to the same experimental group. Equal numbers of males and females were used in each data set. At 24 h after birth, all pups were killed by decapitation and trunk blood was collected. The left kidney was immersion fixed (10% buffered formalin); the right kidney and the bladder (including urine) were snap frozen and stored at −80 °C.
Gene Expression
Real-time quantitative PCR (RT-qPCR) was used to determine the expression of genes associated with kidney development, maturation, and hypoxic injury in the 24-h-old spiny mouse kidney (n = 6-9/group; see Table 3 ) (27, (30) (31) (32) (33) . Total RNA was extracted using RNeasy Kits (Qiagen, Perth, Australia) and reverse transcribed to complementary DNA using avian myeloblastosis virus reverse transcriptase and random primers, according to manufacturer's instructions (Promega, Madison, WI).
Primer sequences are shown in Table 3 . If a source reference is not stated, primers were designed and tested for specificity as previously described (32, 33 (32, 33) , with results reported as expression relative to the c-section control-diet group.
Kidney Sampling
A transverse cut was made through the center of the fixed kidney from the renal papillae to the outer cortex, and both halves were embedded in paraffin with the cut side down. Each kidney was sectioned at 5 μm, and sections 12, 13, and 14 (i.e., 60, 65, and 70 μm from the face of the section) were stained with hematoxylin and eosin. Photomicrographs were taken at ×400 magnification (Olympus BX41 standard laboratory microscope, Hamburg, Germany) using the sampling regimen described in Figure 4 .
Histopathology. The structural integrity of the kidney was assessed using an established scoring system (34) designed to evaluate structural disturbances on a region-specific basis (n = 8/group) as follows: cortex, evidence of shrunken glomeruli and signs of tubular necrosis (cytoplasmic vacuolation, thickening of the tubular membrane, and disruption of brush border); medulla, assessed for immaturity, through absence of descending loop of Henle and increased interstitium, and damage scored in regard to tubule arrangement distortion (nonparallel) and tubular necrosis; renal papilla, poor tubular arrangement (nonparallel) and nonuniformity of tubular lumen diameter as an indicator of tubular dilation. The percentage area of sections displaying these key features were awarded a score from 1 to 5, in which 1 = 0-5%; 2 = 6-25%, 3 = 26-50%, 4 = 51-75%, and 5 = >76%. A total of nine images per region per kidney were analyzed. Sections were coded and assessed by three individual investigators (S.J.E., M.M.K., and Domenic LaRosa), blinded to experimental groups. Results are displayed as mean score/kidney.
Characterization of glomeruli.
The structural integrity of the glomeruli was further assessed in regard to their appearance as either normal, showing partial collapse of the glomerular tuft, or showing completely collapsed glomeruli visible only as a shrunken tuft within the Bowman's capsule. Coded sections 12 and 13 were placed on a light microscope adapted for projection to enable viewing on a table containing an unbiased counting frame. All glomeruli that fell within the counting frame in each field of view were categorized (35) . Fields of view were obtained using a motorized stage fitted to the microscope. Approximately 40 fields of view and 120 glomeruli were examined per kidney. The results are presented as the number of glomeruli in each category expressed as a percentage of the total number of glomeruli examined per kidney.
Urine Collection
To extract urine from bladders frozen at postmortem, a small incision was made in the wall of the frozen bladder and the bladder tissue was peeled away leaving a frozen droplet of urine. Urine samples were placed in a clean eppendorf tube and stored at −20 °C for later analysis.
Plasma and Urinary Electrolyte Analysis
Electrolyte concentrations (Na + , K + , Cl − ) were measured using electrolyte-specific Micro Ion Electrodes (Lazar Research Laboratories, Los Angeles, CA; n = 6-10/group). Osmolality of urine samples was measured by freezing point depression, using an Osmomat 030 Cryoscopic Osmometer (Gonotec, Berlin, Germany), and urinary protein levels were determined via protein assay (BCA Protein Assay Kit no. 23225, Thermo Scientific, Melbourne, Australia).
Data Analysis and Statistics
Data are represented as mean ± SEM. A two-way ANOVA for birth type (P BIRTH ) and diet (P DIET ) was used to determine the impact of birth asphyxia and the creatine diet on renal measures. A Kruskal-Wallis with Dunn's post hoc test was used to analyze data obtained from histological scoring. P ≤ 0.05 was accepted for statistical significance. There were no significant differences between the sexes for any experimental parameter of this study, and thus the sexes have been combined for all analyses presented.
